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ABSTRACT 

VM-103, previously a Co-25W-3Cr-lTi-O.5Zr-O.5C research  l abora to ry  super-  
a l l o y ,  w a s  f u r t h e r  advanced by developing fo rg ing ,  hot  r o l l i n g ,  and co ld  
r o l l i n g  parameters f o r  f a b r i c a t i o n  of 25-50 l b .  (11-23 kg) ingo t s  produced 
by induct ion  p lus  vacuum a r c  remelting and induct ion  p l u s  e l e c t r o s l a g  re- 
melt ing.  E lec t ros l ag  remelted VM-103 proved supe r io r  i n  r e spec t  t o  s t r e n g t h ,  
d u c t i l i t y ,  and f a b r i c a b i l i t y .  Aging s t u d i e s  showed s i g n i f i c a n t  hardening 
e f f e c t s  on p r i o r  annealed and p r i o r  cold-worked ma te r i a l .  
y i e l d  s t r e n g t h  was increased  by 140% by ag ing  p r i o r  annealed ma te r i a l .  The 
f a b r i c a t i o n  s t u d i e s ,  convent ional  and high s t r a i n  r a t e  t e n s i l e  t e s t s ,  f a t i g u e  
t e s t s ,  and bend t e s t s  i nd ica t ed  t h a t  VAR-103 i s  competi t ive wi th  convent ional  
supe ra l loys  , p a r t i c u l a r l y  f o r  s h o r t  t i m e  high temperature app l i ca t ions .  

The 2200°F (1205OC) 

J 

v i i  



1. SUMMARY 

The o b j e c t i v e  of t h i s  program w a s  to  advance VM-103, a Co-25W-3Cr-lTi- 
0.5Zr-0.5C supera l loy  from a research labora tory  s t a t u s  t o  the  l e v e l  of an 
advanced supe ra l loy ,  usable  f o r  numerous high temperature app l i ca t ions .  

To accomplish t h i s  o b j e c t i v e ,  a f a b r i c a t i o n  development and phys ica l  
metal lurgy s tudy w a s  conducted on f ive  25-50 lb .  (11-23 kg) i n g o t s ,  two 
produced by induct ion  p lus  vacuum arc  remelt ing and three  produced by in -  
duc t ion  p lus  e l e c t r o s l a g  remelting. Processing parameters f o r  primary and 
secondary f a b r i c a t i o n  were developed, and 0.012 in .  (0.30 mm) th ick .  f o i l  
w a s  produced from the  4 in .  (10 c m )  diameter ingots .  The processes  in-  
cluded hammer fo rg ing ,  ho t  r o l l i n g ,  and co ld  r o l l i n g .  This  work showed 
t h a t  VM-103 can be produced and f ab r i ca t ed  by product ion o r i en ted  processes  
and i s  r e l a t i v e l y  f ab r i cab le .  The e l e c t r o s l a g  remelted ingo t s  showed s i g -  
n i f i c a n t l y  h igher  f a b r i c a b i l i t y  than the vacuum arc remelted ma te r i a l .  

Mechanical t e s t i n g  c o n s i s t i n g  of conventional and high s t r a i n  r a t e  t e n s i l e  
t e s t s ,  bend t e s t s ,  and l imi t ed  f a t igue  t e s t s  w a s  conducted t o  e s t a b l i s h  
p r o p e r t i e s  of wrought ma te r i a l  and a s c e r t a i n  d i f f e r e n c e s  between r e s u l t s  of 
the  two bas ic  mel t ing processes .  Conventional t e n s i l e  t e s t s  a t  75 and 
1600-2200°F (24OC and 870-1205OC) showed p r o p e r t i e s  equal  t o  o r  b e t t e r  than 
the  e a r l y  NASA l abora to ry  h e a t s ,  High s t r a i n  ra te  t e s t s  ( a t  5/minute) 
showed the a l l o y  t o  be very  s t r a i n - r a t e  s e n s i t i v e  and a l s o  ind ica t ed  t h a t  
s t rengthening  e f f e c t s  of co ld  work were r e t a ined  f o r  s h o r t  times a t  1800'F 
(98OOC). The l i m i t e d  bend and f a t igue  t e s t s  i nd ica t ed  s u p e r i o r i t y  of the 
e l e c t r o s l a g  remelted ma te r i a l ;  t h i s  agreed wi th  the t e n s i l e  r e s u l t s  which 
showed gene ra l ly  h igher  s t r e n g t h s  and d u c t i l i t i e s  on e l e c t r o s l a g  vs .  vacuum 
arc remelted material. 

Aging s t u d i e s  were conducted on p r i o r  annealed and p r i o r  cold-worked m a -  
t e r i a l  t o  i n v e s t i g a t e  poss ib l e  s t rengthening mechanisms. Aging t rea tments  
from 700-1600'F (370-870'C) f o r  1-100 hours were found t o  be e f f e c t i v e  i n  
hardening p r i o r  cold-worked ma te r i a l ,  and t o  a l e s s e r  degree,  p r i o r  annealed 
material. Tens i le  tests a t  2200°F (1205OC) on p r i o r  annealed and aged 
samples showed an  inc rease  i n  y i e l d  s t r eng th  of approximately 140%. More 
d e t a i l e d  s tudy of t h i s  phenomenon i s  required.  

Based or, the  r e s u l t s  of the  program, i t  was concluded t h a t  VM-103 i s  a pro- 
d u c i b l e ,  f a b r i c a b l e ,  high s t r e n g t h  a l l o y  which i s  competi t ive wi th  o t h e r  con- 
ven t iona l  n i c k e l  and c o b a l t  base supera l loys ,  p a r t i c u l a r l y  f o r  s h o r t  time 
h igh  temperature app l i ca t ions .  Further  work i n  a r e a s  of compositional 
c o n t r o l  and thermomechanical processing i s  recommended. 
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2. INTRODUCTION 

This r e p o r t  summarizes the r e s u l t s  of a NASA-funded program wi th  the ob- 
j e c t i v e  of f u r t h e r  developing VM-103, a NASA high s t r e n g t h  c o b a l t  base 
supera l loy .  
0.5C, shows p o t e n t i a l  f o r  va r ious  high temperature a p p l i c a t i o n s  due t o  i t s  
e x c e l l e n t  high temperature s t r e n g t h  p r o p e r t i e s ,  It a l s o  appears  t o  be com- 
p e t i t i v e  wi th  conventional supera l loys  such as L-605 , R e d  41 , Haste l loy  X ,  
and Waspaloy fo r  numerous aerospace and ordnance high temperature a p p l i c a t i o n s .  

This a l l o y ,  wi th  a nominal composition of Co-25W-3Cr-lTi-0.5Zr- 

N A S A ' s  e a r l y  research work on cobal t - tungs ten  a l l o y s ,  conducted by Freche,  
e t  a l .  ,1-4 involved systematic  a l l o y i n g  s t u d i e s  wherein var ious  composi- 
t i o n s  were evaluated p r imar i ly  with respec t  t o  e l eva ted  temperature proper- 
t i e s  and f a b r i c a b i l i t y .  This  work w a s  conducted on vacuum o r  i n e r t  atmosphere 
s i n g l e  induct ion melted h e a t s  of 3-4 lb .  (<2 kg). The VM-103 composition 
appeared t o  be very promising. 

Subsequently,  i n  seeking improved supera l loys  f o r  va r ious  in-house design 
requirements ,  Aeronutronic conducted an i n t e r n a l l y  funded e f f o r t  t o  genera te  
more complete information on VM-103 regarding mechanical p r o p e r t i e s ,  f a b r i -  
c a b i l i t y ,  we ldab i l i t y ,  compositional e f f e c t s ,  and app l i cab le  mel t ing 
processes.  During Aeronutronic 's  program , var ious  hardware i tems r e l a t e d  
t o  m i s s i l e  hot  gas  va lves  and high c y c l i c  rate gun components were f a b r i -  
ca t ed  from VM-103 and success fu l ly  t e s t ed .  
work, 25-50 lb .  ( l l -23kg)  ingo t s  of VM-103 were success fu l ly  produced by 
two production o r i en ted  duplex melt ing processes ,  i . e . ,  the  convent ional  
vacuum induct ion + vacuum a r c  remelt  (VAR) and the  r e l a t i v e l y  new induct ion  
+ e l e c t r o s l a g  remelt  (ESR) processes .  

I n  o rde r  t o  accomplish t h i s  

The program discussed i n  t h i s  r e p o r t  followed a t  Aeronutronic under NASA 
funding. The program i n i t i a t e d  i n  March 1969 w a s  designed t o  f u r t h e r  
advance VM-103 technology by conducting f a b r i c a t i o n  processes  development 
and phys ica l  and mechanical metallurgy s t u d i e s .  Hot and co ld  working 
parameters and thermal t rea tments  f o r  processing the  a l l o y  from ingot  t o  
b a r ,  s h e e t ,  o r  f o i l  were developed. A me ta l lu rg ica l  study e s t a b l i s h e d  the 
e f f e c t s  of melting and processing on mechanical p r o p e r t i e s  and a ided  i n  
improving an  understanding of the  bas i c  phys ica l  metal lurgy of the a l l o y .  

The program was divided i n t o  f i v e  t a s k s ,  b r i e f l y  descr ibed  below. 

(1) Task I - Hot Working Study 
This t a sk  involved determining optimum ho t  working 
and annea l ing  parameters f o r  the a l l o y  and e s t a b -  
l i s h i n g  the  e f f e c t s  of mel t ing process  ( i . e .  , VAR 
versus  ESR) on hot  working c h a r a c t e r i s t i c s .  

2 



Task I1 - Cold Working Study 

This  t a sk  w a s  designed t o  develop optimum co ld  
working and anneal ing parameters f o r  producing 
t h i n  VM-103 shee t  and f o i l  and t o  determine the 
e f f e c t s  of the melting process  on co ld  workabi l i ty .  

Task 111 - Mechanical Property Evaluat ion 

This  task  involved t e n s i l e  and f a t i g u e  t e s t i n g  of 
annealed and co ld  worked a l l o y ,  and included a com- 
par i son  of VAR versus  ESR material p rope r t i e s .  

Xask I V  - A e i w  Re c r v s - a t b  an  d Micros t ruc ture  
Study 

This  t a sk  was designed t o  determine e f f e c t i v e  ag ing  
t rea tments  f o r  the a l loy  and t o  recommend maximum 
s h o r t  time se rv ice  temperatures f o r  co ld  worked 
material. A c o r r e l a t i o n  of micros t ruc ture  wi th  
processing v a r i a b l e s  and mechanical behavior r e -  
s u l t e d  i n  an improved understanding of the phys ica l  
metallurgy of the  a l loy .  

Task V - Evaluat ion of an  Ingot  wi th  Improved 
Composition 

This  t a sk  w a s  added during the  program f o r  purposes 
of eva lua t ing  a 50 lb .  ESR h e a t  wi th  improved composi- 
t i o n  c o n t r o l  wi th  respec t  t o  f a b r i c a b i l i t y  and me- 
chanica l  proper t i e  s . 

A s  d i scussed  below, successfu l  completion of these  t a sks  r e s u l t e d  i n  
encouraging d a t a  and i n  a s i g n i f i c a n t  advancement i n  knowledge of the a l l o y ' s  
p r o p e r t i e s  . 

3 .  PROCEDURE 

S t a r t i n g  Material 

A s  i nd ica t ed  above, most of the  ea r ly  work on VM-103 had been conducted on 
small 3 - 4  lb .  (<2 kg) vacuum o r  i n e r t  atmosphere s i n g l e  induct ion  melted 
hea ts .  This  process  i s  very convenient and appropr ia te  f o r  r e sea rch  work 
bu t  i s  n o t  u sua l ly  considered acceptable  f o r  wrought supera l loy  product ion 
due t o  inhe ren t  microsegregat ion and r e l a t i v e l y  high impurity l e v e l s .  
Duplex melt ing methods are f requent ly  used such as  the  convent ional  vacuum 
induct ion  + vacuum a r c  remelt ing (VAR),  and more r e c e n t l y ,  the induct ion  + 
e l e c t r o s l a g  remelt ing (ESR) processes. ESR i s  a r e l a t i v e l y  new process  

3 



t h a t  has  been shown t o  gene ra l ly  improve such p r o p e r t i e s  as d u c t i l i t y ,  
f a b r i c a b i l i t y ,  f a t i g u e  s t r e n g t h ,  and f r a c t u r e  toughness of va r ious  s t e e l s  
and n i c k e l  base supera l loys .  5 ~6 

Two 25 lb .  (11 kg) , 4 in .  (10 cm) diameter VAR ingo t s  melted a t  Aeronutronic ,  
des igna ted  h e r e a f t e r  as 20-1 and 20-5, were s e l e c t e d  f o r  use on t h i s  program. 
I n  a d d i t i o n ,  50 lb .  (23 kg) ESR h e a t s  (melted from the  same raw s tock  as the  
VAR ingo t s )  designated PF-11 and PF-13 were suppl ied by ESCO Corporat ion,  
Po r t l and ,  Oregon. 
t y p i c a l  VAR hea t  20-1. 
i n  Table I. A l l  m e t a l l i c  elements repor ted  were determined by X-ray 
spectroscopy with an es t imated  s tandard  dev ia t ion  of 2 25% f o r  T i  and Z r ,  
and 2 10% f o r  the remaining elements. 
wi th  an est imated s tandard dev ia t ion  of less than 2 2%. 

Figure 1 shows the  two o r i g i n a l  a s -cas t  ESR h e a t s  and a 
Chemical ana lyses  of the  VM-103 h e a t s  a r e  presented  

Carbon w a s  determined by gas  a n a l y s i s  

Because the analyses  of the i n i t i a l  fou r  h e a t s  i nd ica t ed  a need f o r  improved 
compositional c o n t r o l ,  Heat No, PF-288 w a s  suppl ied  by NASA (purchased from 
ESCO) near  the end of the program. This h e a t ,  a l though an improvement i n  
some re spec t s ,  s t i l l  d i d  no t  meet the t a r g e t s  f o r  tungsten and zirconium. 
Although the r e s u l t s  of work performed on these  f i v e  hea t s  were very encourag- 
ing  as discussed i n  Sec t ion  4 ,  a d d i t i o n a l  mel t ing process  development may 
r e s u l t  i n  improved p rope r t i e s  and f a b r i c a b i l i t y .  
such as zirconium and t i t an ium should be b e t t e r  c o n t r o l l e d ,  and e f f e c t s  of 
impur i t i e s  such as  Fey  N i ,  Mn, and S i  should be b e t t e r  understood. 

Levels of a l l o y i n g  elements 

P r i o r  t o  t h i s  program, the  primary hot  working of VM-103 w a s  e s s e n t i a l l y  
l i m i t e d  t o  hot r o l l i n g  small c a s t  pieces .  I n  o rde r  t o  more c l o s e l y  s imula te  
supera l loy  production processes  f o r  producing b i l l e t s  from cast  i n g o t s ,  
hammer forging was se l ec t ed  f o r  working t h e  4 in.  (10 cm) diameter i ngo t s  t o  
1 x 1 in .  (2.5 x 2.5 cm) bar .  Because hammer forg ing  i s  usua l ly  considered 

TABLE I 

W 
C r  
T i  
Z r  
C 
co 
Fe 

CHEMICAL ANALYSES OF VM-103 HEATS 
(Weight Percent )  

VA R ESR 

PF-11 PF-13 PF-288 20-5 T a r g e t  Analysis  20-1 - 
25 26.89 26.71 24.13 23.40 28.15 

3 2.56 2.63 2.51 2.83 3.00 
1 0.94 1.45 0.95 1.47 1.06 

0 .5  0.89 0.73 0.25 0.30 0.24 
0.5 0.57 0.55 0.50 0.49 0.45 

Balance B a l .  B a l .  B a l  B a l .  B a l .  
0.1 Max. 0.18 0.12 1.08 1.64 0.16 
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As-Received ESR Ingo t s  PF-11 and PF-13. 

As-Cast VAR Heat 20-1 and Remainder of 
Consumable Electrode.  

FIGURE 1. VM-103 INGOTS USED FOR THIS PROGRA 
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t o  be a severe t es t  of hot  workab i l i t y ,  p a r t i c u l a r l y  f o r  a c a s t  s t r u c t u r e ,  
t h i s  process w a s  s e l ec t ed  as a conserva t ive  assessment of VM-103 hot  working 
c h a r a c t e r i s t i c s .  A t o t a l  forg ing  reduct ion  of approximately 12: l  w a s  
s e l e c t e d  f o r  primary working i n  o rde r  t o  a s su re  t h a t  maximum homogeneity 
and r e s u l t i n g  p r o p e r t i e s  could be achieved. 
worked a t  l e a s t  8 : l  p r i o r  t o  usage. 

Superal loys are commonly ho t  

The ESR ingots  were sec t ioned;  one-half of each was s e t  a s i d e  as backup 
material ,  while the o t h e r  h a l f  w a s  forged a long  wi th  the  e n t i r e  VAR ingots .  
The forging was conducted a t  West Coast Forge,  Compton, C a l i f o r n i a ,  wi th  a 
3500 pound (15,500 N) hammer forge.  
a t  Aeronutronic involving successfu l  ho t  r o l l i n g  of cast  VM-103, a tempera- 
t u r e  range of 2150°-22000F (1175-1205°C) was s e l e c t e d  and used f o r  forg ing  
t r i a l s  on a small sec t ion  of VAR hea t  20-5. The prel iminary fo rg ing  t r i a l s  
l e d  t o  the following procedure which was used success fu l ly  f o r  the f i v e  

Based on previous work a t  NASA and 

(5) 

Soak a t  2175OF (1190OC) f o r  1 / 2  hour. 

Forge i n  r a d i a l  d i r e c t i o n  t o  3 in .  x 3 in .  
(7.6 x 7.6 cm) square us ing  reduct ions  of 
approximately 8-10%. 

Return t o  furnace a f t e r  each reduct ion;  soak 
a t  temperature f o r  15 minutes. 

Forge t o  1 in .  x 1 in.  (2.5 x 2.5 cm) square 
us ing  15-20% reduct ions .  

Return t o  furnace a f t e r  each reduc' t ion; soak 
a t  temperature f o r  10 minutes. 

A f t e r  l a s t  pass,  soak a t  temperature f o r  10 
minutes and water quench. 

g o t  Rol l ing  

Although hot r o l l i n g  of VM-103 had been accomplished by NASA and Aeronutronic ,  
no e f f o r t  had been expended toward opt imizing parameters of temperature ,  
soaking time, maximum percent  reduct ions  , etc.  , nor  was the importance of 
these  parameters i nves t iga t ed .  The goa l s  were t o  e s t a b l i s h  parameters f o r  
maximum hot  r o l l i n g  reduct ions  without  s i g n i f i c a n t  edge c racking  and with-  
o u t  adversely a f f e c t i n g  the  micros t ruc ture  ( i .e .  , excess ive  g r a i n  growth, 
g r a i n  boundary carb ide  p r e c i p i t a t i o n ,  e t c . ) .  
v e s t i g a t e  the v a r i a t i o n  i n  hot -workabi l i ty  between h e a t s  produced by VAR o r  
ESR. 

A f u r t h e r  goal  w a s  t o  i n -  
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Samples of 1 x 1 in .  (2.5 cm x 2.5 cm) square b a r ,  r ep resen t ing  both VAR 
and ESR as-forged ma te r i a l  were subjected t o  r o l l i n g  t r i a l s ,  using 5-50% 
reduct ions  p e r  p a s s  a t  temperatures  of 2100, 2175, and 2250OF (1150, 1190, 
and 1230OC) i n  o rde r  t o  a s c e r t a i n  maximum reduct ions  without  edge cracking.  
These r e s u l t s  are discussed i n  Section 4. 

Following t h i s ,  i n  o rde r  t o  inves t iga t e  e f f e c t s  of r o l l i n g  temperature on 
micros t ruc ture  and hardness ,  add i t iona l  samples were h o t  r o l l e d  a t  each of 
these  th ree  temperatures t o  0.10 i n .  (2.5 mm) th ickness  from the as-forged 
bar  us ing  an i d e n t i c a l  reduct ion  schedule (Table 11). A f t e r  the l as t  pass, 
the material w a s  soaked a t  the r o l l i n g  temperature f o r  10 minutes and water  
quenched. An average hardness w a s  determined, and the r e s u l t i n g  micro- 
s t r u c t u r e  w a s  observed by o p t i c a l  microscopy. The d a t a ,  presented and 
d iscussed  i n  Sec t ion  4 ,  ind ica ted  t h a t  2175'F (119UOC) was t h e  optimum. 

TABLE I1 

HOT ROLLING SCHEDULE USED TO ESTABLISH EFFECTS OF 
ROLLING TEMPERATURE ON MICROSTRUCTURE AND HARDNESS OF VM-103 

Thickness Reheat Time 
- Pass - Inch - mm % Reduction (Minutes) 

1 0.90 

2 0.79 

3 0.68 

4 0.56 

5 0.45 

6 0.31 

7 0.22 

8 0.15 

9 0.10 

22 

20 

1 7  

14 

11 

8.0 

5.6 

3.9 

2.5 

10 

12 

14 

1 7  

20 

30 

30 

30 

35 

10 

8 

8 

8 

8 

8 

5 

5 

Notes: 

1. Roll ing Temperatures: 2100, 2175, 2250°F 2 25'F 
(1150-1190-1230OC It 14OC) 

2. S t a r t i n g  Material: 1 in. x 1 in .  (25 x 25 mrn) 
square ba r  

3. I n i t i a l  Preheat  Time: 30 minutes 

- 
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r o l l i n g  temperature. The 2175OF (1190OC) temperature and reduct ion  schedule 
i n  Table I1 were u t i l i z e d  t o  produce a d d i t i o n a l  0.10 in .  (2.5 mm) t h i c k  
shee t  f o r  the remainder of t he  program. 

Cold Roll ing 

Ear ly  NASA work and subsequent Aeronutronic e f f o r t s  had ind ica t ed  t h a t  
VM-103 could be cold worked without  much d i f f i c u l t y .  Fur ther  e f f o r t s  on 
t h i s  program were d i r ec t ed  toward e s t a b l i s h i n g  base l i n e  parameters f o r  
producing shee t  o r  f o i l  by co ld  r o l l i n g ,  determining work hardening r a t e s ,  
and comparing e f f e c t s  of mel t ing process (VAR vs .  ESR) on cold workabi l i ty .  
Small samples of hot r o l l e d  and annealed ma te r i a l  from the  f o u r  hea t s  PF-11, 
PF-13, 20-1, and 20-5 were co ld  r o l l e d  -5 - 40% t o  determine maximum r e -  
duc t ions  without s i g n i f i c a n t  edge cracking.  The average hardness was mea- 
sured a f t e r  va r ious  r educ t ions ,  and a hardness  vs .  percent  cold work curve 
was es tab l i shed .  I n t e r m i t t e n t  anneal ing schedules  f o r  co ld  r o l l e d  ma te r i a l  
were optimized as discussed below. 

Anneal i n g  

I n  conjunct ion with the ho t  and co ld  r o l l i n g  i n v e s t i g a t i o n s ,  es tab l i shment  
of optimum anneal ing parameters ( i . e .  , temperature ,  t ime,  and cool ing  r a t e )  
w a s  accomplished. The c r i t e r i a  f o r  optimum anneal ing t rea tments  were 
minimum hardness,  minimum g r a i n  growth, and minimum matr ix  o r  g r a i n  boundary 
carb ide  p r e c i p i t a t i o n .  The following v a r i a b l e s  were inves t iga t ed :  

(1) Mater ia l s :  

( a )  0.10 in .  (2.5 mm) t h i ck  hot  r o l l e d  shee t  

(b)  0.10 in. (2.5 nun) t h i ck  co ld  r o l l e d  25% 

from h e a t s  20-5 and PF-11. 

reduced) shee t  from h e a t s  20-1, 20-5, PF-11, 
and PF-13. 

(2)  Temperatures: 2100, 2200, and 2300OF (1150, 1205, 
and 126OOC). 

(3)  Time: 30 minutes. 

( 4 )  Cooling Rates: water quench, a i r  c o o l ,  and furnace 
cool .  

Hardness and micros t ruc ture  were observed on the  h e a t  t r e a t e d  samples. 
Using the  c r i t e r i a  above, an anneal ing t rea tment  of 2200°F (1205OC) f o r  30 
minutes followed by a water quench was s e l e c t e d  f o r  bo th . the  hot .and  co ld  
worked mater ia l .  The da ta  are presented i n  Sec t ion  4 .  These parameters 
were used throughout the program and un le s s  otherwise s p e c i f i e d  were used 
f o r  a l l  "annealed" ma te r i a l .  
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Aainq 

Although VM-103 w a s  designed t o  be a s o l i d  s o l u t i o n  s t rengthened a l l o y ,  
prel iminary NASA d a t a  ind ica t ed  an aging phenomenon, p a r t i c u l a r l y  i n  t h e  
1600'F (870'C) range,  r e s u l t i n g  from p r e c i p i t a t i o n  of C03W a s s o c i a t e d  wi th  
hcp c o b a l t  s tack ing  f a u l t s .  Aging s t u d i e s  conducted on t h i s  program were 
d i r e c t e d  toward achieving a b e t t e r  understanding of t h i s  e f f e c t  and a l s o  
determining i f  ag ing  i n  conjunct ion wi th  p r i o r  anneal ing o r  p r i o r  co ld  work 
would be use fu l  as  a s t rengthening  mechanism. 

Samples of annealed and 25% cold-worked 0.10 in .  (2.5 mm) t h i ck  shee t  
from h e a t  PF-11 were encapsulated i n  qua r t z  t ubes ,  evacuated t o  lo-' mm Hg 
and sea led  t o  prevent ox ida t ion .  The samples were then aged f o r  per iods  
of 1, 10 ,  and 100 hours a t  temperatures of 700, 1000, 1300, and 1600'F 
(370, 540, 705, and 870'C). Hardness measurements, o p t i c a l  and e l e c t r o n  
microscopy, and e x t r a c t i o n  X-ray d i f f r a c t i o n ,  were u t i l i z e d  t o  eva lua te  
aging e f f e c t s .  

pfechanical Tes t ing  

Tens i l e  T e s t i n g  

The room temperature t e n s i l e  p rope r t i e s  of both annealed and co ld  worked 
ma te r i a l  , and e l eva ted  temperature t e n s i l e  p r o p e r t i e s  of annealed material 
from a l l  four  h e a t s  were determined. Mater ia l  which had been co ld  r o l l e d  
from 0.10 t o  0.040 in .  (2.5 mm to  1.0 mm) shee t  w a s  u t i l i z e d  i n  the  
annealed and 15 and 25% cold  worked condi t ions .  Specimens were machined 
t o  the  conf igura t ion  shown i n  Figure 2 and Zyglo inspected.  Tes t ing  w a s  
conducted on a 10,000 lb .  capac i ty  Ins t ron  t e s t i n g  machine equipped wi th  a 
2200'F (1205'C) r e s i s t a n c e  furnace.  The specimens were brought from 
ambient t o  t e s t  temperature i n  about 30 minutes ,  soaked a t  temperature f o r  
an  a d d i t i o n a l  15 minutes,  and then t e s t e d  a t  a s t r a i n  ra te  of 0.005/minute 
t o  0.4% o f f s e t  y i e l d  followed by 0.05/minute t o  f a i l u r e ,  
w a s  used f o r  measuring s t r a i n  till about 1% elongat ion.  

An extensometer 

Hiah S t r a i n  Rate Tens i l e  Tes t ing  

Because of the d e s i r a b i l i t y  of u t i l i z i n g  VM-103 i n  the co ld  worked condi-  
t i o n  f o r  s h o r t  t i m e  e l eva ted  temperature a p p l i c a t i o n s  and i n  o rde r  t o  
determine e f f e c t s  of s t r a i n  ra te  on mechanical p r o p e r t i e s  , high s t r a i n  r a t e  
t e n s i l e  tests were performed. 

Rectangular shee t  specimens, 4 i n .  x 0.25 in .  (100 mm x 6 mm) were f a b r i -  
c a t e d  from 0.040 i n ,  (1.0 mm) th ick shee t  from hea t  PF-11 i n  the  annealed 
15% co ld  worked and 25% co ld  worked condi t ions .  The specimens were t e s t e d  
on a "Gleeble" machine a t  a s t r a i n  r a t e  of 5/minute a t  temperatures of 75, 
1800, 2000, and 2200'F ( 2 4 ,  980, 1095, and 1205'C). The samples  were 
e l e c t r i c a l l y  s e l f  - r e s i s t ance  heated a t  a rate of approximately 500'F 
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FIGURE 2 .  VM-103 SHEET TENSILE SPECIMEN 
( A l l  dimensions i n  inches)  
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(260°C)/sec., and he ld  a t  temperature e i t h e r  5 o r  25 seconds p r i o r  t o  
a p p l i c a t i o n  of the load. Holding time w a s  va r i ed  i n  an  at tempt  t o  assess 
recovery and r e c r y s t a l l i z a t i o n  behavior. The d a t a  were eva lua ted ,  and 
s e l e c t e d  samples were examined metal lographical ly .  

Bend T e s t i n q  

I n  o rde r  t o  a s c e r t a i n  the comparative co ld  forming c h a r a c t e r i s t i c s  of the 
two mel t ing  processes ,  bend tes ts  were conducted on shee t  from h e a t s  20-1, 
20-5, PF-11, and PF-13. Hot-rol led and annealed 0.10 in .  (2.5 mm) shee t  
w a s  co ld  reduced t o  0.03 in .  (0.76 mm) th ickness  and subsequently annealed 
us ing  the parameters noted above. Bend specimens with a 20:l  width t o  
th ickness  r a t i o  were machined and t e s t e d  i n  th ree  po in t  bending a t  1 T  t o  
4T bend r a d i i  us ing  ASTM E290-66 t e s t i n g  procedures.  

Fat igue Tes t inq  

Tension-tension f a t i g u e  tes ts  were conducted on VAR 20-1 and ESR PF-11 t o  
compare the e f f e c t  of mel t ing process on f a t i g u e  p rope r t i e s .  The tes t  
parameters of specimen th ickness  and stress were chosen t o  s imulate  m i s s i l e  
ho t  g a s  valve th ickness  and cyc le  l i ves .  Specimens were machined t o  the  
conf igu ra t ion  shown i n  Figure 3 from mate r i a l  t h a t  had been co ld  r o l l e d  
from 0.100 in.  t o  0.012 in .  (2.54 mm t o  0.30 mm) and then  annealed. A l l  
t e s t i n g  w a s  performed a t  2000 cyc les  p e r  minute on a Budd (Tatnall-Krause) 
VSP-150 f a t i g u e  t e s t i n g  machine w i t h  a d i r e c t  s t r e s s  attachment.  The 
s t r e s s  range w a s  from 0 t o  75 k s i  (0 t o  516 N/mm2). 

Me ta l lu rg ica l  Analyses 

Me ta  1 1 o gra p hy 

Samples were prepared f o r  metallographic observa t ion  us ing  the  fol lowing 

Successive gr inding  on 180, 240, 360, and 600 g r i t  
s i l i c o n  carb ide  d iscs .  

P o l i s h  on 6 micron followed by 1 micron diamond, 

F i n a l  po l i sh  on .05 micron alumina. 

Etch by swabbing f o r  4 t o  8 seconds wi th  hydro- 
c h l o r i c  a c i d  sa tura ted  wi th  f e r r i c  ch lo r ide .  

U l t r a son ica l ly  c lean  f o r  2 t o  3 minutes i n  d i s -  
t i l l e d  water.  
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( A l l  dimensions i n  inches)  

12  



A L e i t z  MM-5 metallograph w a s  used f o r  o p t i c a l  microscopy and photomicro- 
graphs us ing  b r i g h t  f i e l d  i l luminat ion.  Observations were made a t  mag- 
n i f i c a t i o n s  from 100 t o  1OOOX. Grain s i z e  measurements were obtained 
us ing  the  ASTM E-112 l i n e a r  i n t e rcep t  method. The r epor t ed  g ra in  s i z e s  
r e f e r  t o  the c a l c u l a t e d  "diameter" of an  average g r a i n  wi th  a mean s tandard 
dev ia t ion  of 2 10%. 

Elec t ron  Microscopv 

Specimens were prepared f o r  e l e c t r o n  microscopy using d i s c  samples and the  
j e t  technique. The equipment used including the  photoce l l  device t o  s top  
the  po l i sh ing  a c t i o n  upon specimen pe r fo ra t ion  has  been descr ibed by DuBose 
and S t i e g l e r . 7  
th i ck  were dimpled using a room temperature 5% pe rch lo r i c  a c i d  i n  g l a c i a l  
a c e t i c  a c i d  e l e c t r o l y t e  a t  350 v o l t s  and about 200 ma/mm2. 
d i s c s  were then f i n a l  e l ec t ropo l i shed  a t  0-5OC i n  a 10% s u l f u r i c  a c i d  i n  
e thano l  e l e c t r o l y t e  a t  30-60 v o l t s  using r ap id  continuous s t i r r i n g .  
Observat ions were made wi th  a Hi tachi  HU-10 e l e c t r o n  microscope operated 
a t  100 kV. 

Discs about 0.12 i n .  (3.0 mm) i n  diameter by 0.02 i n ,  (0.5 mm) 

The dimpled 

Ex t rac t ion  X-Rav Di f f r ac t ion  Analysis 

Phase Ex t rac t ion  Technique 

A process  f o r  e l e c t r o l y t i c  d i s so lu t ion  of the c o b a l t  a l l o y  mat r ix  leaving 
an  undissolved p r e c i p i t a t e  res idue  f o r  a n a l y s i s  w a s  developed, The 
e l e c t r o l y t e  cons i s t ed  of 90% absolu te  methyl a lcohol  wi th  10% s u l f u r i c  ac id .  
Samples, approximately 1 x 2 x 1/8 in. (25 x 51 x 3 mm), were weighed then 
clamped between two platinum cathodes s l i g h t l y  l a r g e r  than the sample f a c e s ,  
placed 1 /2  in .  (13 mm) t o  each s i d e  of the sample f aces .  The sample w a s  
he ld  i n  place with a s t rong  a l l i g a t o r  c lamp.  The clamp and platinum 
cathodes were f i rmly  fas tened  t o  copper shee t  s t r i p s  which were r i g i d l y  he ld  
i n  place by mounting through a rubber s topper .  The  po l i sh ing  w a s  
accomplished using a water j acke t  f lask .  The e l e c t r o l y t e  w a s  a g i t a t e d  
g e n t l y  by use of a magnetic stirrer. The ba r  w a s  wrapped i n  Saran f o r  
easy  removal of magnetic res idues .  Temperature w a s  maintained throughout 
the  process  a t  72OF (22OC). A constant  vo l tage  p o t e n t i a l  u n i t  power 
source was used a t  2.4 v o l t s  and 0.8 amperes. The r e s idue  w a s  f i l t e r e d  and 
washed wi th  c l ean  e l e c t r o l y t e ,  then c lean  a lcohol  every two hours ,  a t  which 
time new e l e c t r o l y t e  was put  i n t o  the f l a s k .  S u f f i c i e n t  amounts of each 
sample were obtained i n  an  8 hour per iod,  wi th  th ree  e l e c t r o l y t e  changes,  
t o  a l low f o r  magnetic s epa ra t ions  of the  r e s idues  a f t e r  they had been 
thoroughly r i n s e d  and d r i e d ,  then weighed along wi th  the remainder of the  
unpol ished sample. 
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X-Ray D i f f r ac t ion  Analysis  

The separated por t ions  were run on a Norelco X-ray d i f f r ac tomete r  using 
f i l t e r e d  copper r a d i a t i o n  se t  a t  40 k i l o v o l t s  and 20 mi l l iamperes ,  wi th  
lo  s c a t t e r i n g  and r ece iv ing  s l i ts .  
f u l l  s c a l e ,  and in t ense  l i n e s  were re run  a t  800 o r  1600 counts  p e r  second 
t o  prevent  running off  the  c h a r t  s ca l e .  

Scans were made a t  400 counts/second 

Sample conten ts  were approximated by using the sums of the (111) and (200) 
r e f l e c t i o n s  of f ace  centered  cubic  compounds and the  (2000) and (0002) 
l i n e s  of the  hexagonal compounds. A l l  p a i r s  of l i n e s  of each compound were 
added toge ther ,  then each pa i r ed  sum was d iv ided  by the  t o t a l  counts  of a l l  
pa i r ed  sums, 

4. RESULTS A N D  DISCUSSION 

Fo r g  i nq 

The s t a r t i n g  ESR ingo t s  (Figure 1) were very  sound and requi red  only minor 
condi t ion ing  which was performed by hand gr inding  p r i o r  t o  forg ing .  The 
VAR ingo t s  exhib i ted  moderate amounts of l o c a l i z e d  i n t e r n a l  poros i ty .  The 
approximate forging y i e l d s  of a l l  the i n g o t s ,  c a l c u l a t e d  as  the  percent  by 
weight of successfu l ly  forged material r e l a t i v e  t o  the t o t a l  weight of 
ma te r i a l  submitted f o r  fo rg ing ,  were: 20-1, 34%; 20-5,  100%; PF-11, 100%; 
PF-13, 90%; and PF-288, 98%. To ta l  fo rg ing  reduct ions  were approximately 
1 2 : l  which equals  o r  exceeds reduct ions  usua l ly  performed i n  primary f a b r i -  
c a t i o n  of production supera l loy  b i l l e t s .  A po r t ion  of the 20-5 1 in.  x 
1 in.  (2.5 x 2.5 cm) ba r  w a s  f u r t h e r  forged t o  1 / 2  i n .  x 1 / 2  in .  (1.3 x 
1.3 cm), f u r t h e r  i n d i c a t i n g  good f o r g e a b i l i t y  f o r  a s - c a s t  ma te r i a l  using 
hammer forging which is  a r e l a t i v e l y  severe technique,  Figure 4 shows 
20-5 a f t e r  1 2 : l  and 48:l forg ing  reduct ions .  The f o r g e a b i l i t y  compared 
favorably  with o t h e r  supera l loys  such as L-605. 

The ESR ingots  exh ib i t ed  supe r io r  metal f low c h a r a c t e r i s t i c s  and l e s s  edge 
c racking  than the  VAR ingots .  The high l o s s e s  incur red  i n  20-1 were 
p a r t i a l l y  a t t r i b u t e d  t o  po ros i ty  wi th in  the  ingot .  Af t e r  the  l a s t  pass,  
the  ingo t s  were soaked a t  the fo rg ing  temperature (2175'F o r  1190°C) f o r  
10 minutes and water quenched. I n  t h i s  cond i t ion ,  t h e i r  hardness w a s  R, 
34-37. The ESR and VAR b i l l e t s  exh ib i t ed  mean g r a i n  s i z e s  of about 25 and 
35 microns,  respec t ive ly .  Photomicrographs taken t r ansve r se  t o  the forg ing  
d i r e c t i o n s  of t he  f i v e  h e a t s  a r e  shown i n  Figure 5. Heat PF-288 (low Fe 
con ten t )  showed the bes t  hot  workabi l i ty  of a l l  the ingots .  
work, the hot workabi l i ty  of VM-103, p a r t i c u l a r l y  ESR remelted m a t e r i a l ,  

Based on t h i s  
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appears comparable t o  o r  b e t t e r  than most o t h e r  n i c k e l  and c o b a l t  base 
supera l loys .  To summarize, t y p i c a l  parameters f o r  fo rg ing  VM-103 a r e :  

Temperature: 2175OF (1190OC) 

Reductions p e r  pass: 

- Hammer fo rg ing ,  c a s t  s t r u c t u r e  4 0 %  

- Hammer fo rg ing ,  wrought s t r u c t u r e  -20% 

Hot Roll  i n q  

The c r i t e r i a  f o r  s e l e c t i o n  of optimum r o l l i n g  temperature and reduct ion  
schedule were t r ade -o f f s  between (1) minimum edge cracking ,  (2)  minimum 
gra in  growth, (3) minimum amounts of g r a i n  boundary and mat r ix  p r e c i p i t a t e s ,  
and ( 4 )  minimum a s - r o l l e d  hardness.  The maximum ho t  r o l l i n g  reduct ions  
p e r  pass without  s i g n i f i c a n t  edge cracking a t  the  th ree  temperatures i n -  
v e s t i g a t e d  are shown i n  Table 111. 

These d a t a  show t h a t  ma te r i a l  from the ESR PF-11 h e a t  could be reduced i n  
s i g n i f i c a n t l y  g r e a t e r  amounts p e r  pass than material from the VAR 20-5 
h e a t ,  aga in  i n d i c a t i n g  b e t t e r  ho t  workabi l i ty  of ESR ma te r i a l .  
r o l l i n g  temperature wi th  r e s p e c t  t o  micros t ruc ture  , samples  were subse- 
quent ly  reduced i d e n t i c a l l y  from 1 in ,  (2.5 cm) th ickness  t o  0.100 i n .  
(0.25 cm) th ickness  a t  2100, 2175, and 2250OF (1150, 1190, and 123OOC) as 
d iscussed  i n  Sect ion 3. 

To optimize 

Micros t ruc tures  of samples from ESR PF-11 and VAR 20-5 r o l l e d  wi th  tempera- 
t u r e  being the only v a r i a b l e  are given i n  F igures  6 and 7 ,  r e spec t ive ly ,  
A s  expected,  metal lographic  observat ion ind ica t ed  a s l i g h t l y  inc reas ing  
g ra in  s i z e  with increas ing  r o l l i n g  temperature. The r e s u l t i n g  g ra in  s i z e s  
and R, hardness  va lues  are shown i n  Table I V .  ( A l l  r epo r t ed  R, hardness 
va lues  a r e  the  average from a minimum of s i x  measurements producing a mean 

MAXIMUM HOT ROLLING REDUCTIONS PER PASS ACHIEVED WITHOUT EDGE CRACKING 

Temperature Reduc t ion  (%I 
- O F  - O C  ESR PF-11 VAR 20-1 

2100 1150 44 35 

2175 1190 >44 >3 5 

2250 1230 >50 50 
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s tandard  devia t ion  of about The g r a i n  s i z e  of the  a l l o y  a p p e a r s  
t o  be less s e n s i t i v e  t o  working temperature wi th in  t h i s  temperature range 
than t h a t  of o ther  similar a l l o y s  such as L-605. A s  expected,  t he  amount 
of p rec ip i t a t ed  ca rb ides  i n  the  mat r ix  w a s  g r e a t e r  f o r  material r o l l e d  a t  
2100°F (115OOC) than a t  2175'F (1190OC) o r  2250'F (123OOC). 
boundary p r e c i p i t a t i o n  w a s  noted a t  lOOOX magnif ica t ion  f o r  ma te r i a l  r o l l e d  
a t  any temperature. 
e f f e c t  of r o l l i n g  temperature.  

1 s . )  

No g r a i n  

The hardness da t a  i n  Table I V  showed no s i g n i f i c a n t  

It was noted tha t  ESR b i l l e t  PF-11 had b e t t e r  workab i l i t y  c h a r a c t e r i s t i c s  
than VAR b i l l e t  20-5. Although there  was a l a rge  d i f f e rence  i n  as-forged 
g r a i n  s i z e  between these  two b i l l e t s  ( i . e . ,  20 ve r sus  38 microns) ,  t h i s  
d i f f e rence  was minimized during ho t  r o l l i n g  (12 versus  9 microns f o r  
r o l l i n g  a t  2175'F (1190'C)). 

Completion of t he  ho t  r o l l i n g  study r e s u l t e d  i n  the  es tab l i shment  of 
t y p i c a l  ho t  r o l l i n g  parameters f o r  VM-103 s h e e t ,  i , e . , :  

Temperature: 2175OF (1190°C) 

Reductions per pass:  

- Forged b i l l e t s  12-15% 

- Previously hot  r o l l e d  shee t  15-35% 

Cold Rol l inq  

A s  i nd ica t ed  in  Sec t ion  3 ,  co ld  r o l l i n g  s t u d i e s  were performed t o  e s t a b l i s h  
base l i n e  parameters f o r  co ld  r o l l i n g  shee t  o r  f o i l ,  t o  e s t a b l i s h  work 
hardening r a t e s ,  and t o  compare e f f e c t s  of mel t ing  process  (VAR vs.  ESR) on 
co ld  workabi l i ty .  

The maximum cold r o l l i n g  reduct ions  a t t a i n a b l e  wi thout  s i g n i f i c a n t  edge 
c racking  f o r  each of the f o u r  h e a t s  i n v e s t i g a t e d  along wi th  r e s u l t i n g  
hardnesses  were as  shown i n  Table V. With the except ion  of h e a t  PF-11 
which showed l i t t l e  o r  no edge cracking a t  reduct ions  less  than 37%, the  
maximum nominal reduct ions  p e r  pass were 25% which produced a hardness of 
about  Rockwell C-50. Heat PF-11, the  most workable ESR h e a t  a v a i l a b l e  
during t h a t  period of the program, showed no f u r t h e r  hardening e f f e c t s  even 
a t  a 37% reduction. Heat PF-13 w a s  the most d i f f i c u l t  t o  co ld  r o l l  and 
exh ib i t ed  a tendency f o r  very  severe edge cracking a t  reduct ions  g r e a t e r  
than 25%. This may have r e s u l t e d  from a composi t ional  e f f e c t ,  i . e . ,  high 
T i ,  a carb ide  former (as shown i n  Table I). 

A percent  cold work VS. hardness curve (Figure 8) was genera ted ,  which 
shows a r a the r  r ap id  work hardening rate and a maximum hardness of approxi-  
mately Rockwe11 C-52. 
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FIGURE 8- HARDNESS VS. PERCENT COLD REDUCTION OF VM-103. 
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TABLE V 

MAXIMUM NOMINAL COLD ROLLING REDUCTIONS PER PASS WITHOUT EDGE CRACKING 

Maximum A s  -Rol l e d  
Heat Reduction (%) Hardness (Rc) - 

VAR 20-1 25 

VAR 20-5 25 

PF-11 37 

PF-13 25 

50 

50 

50 

51 

Using nominal 25% maximum reduct ions  and 2200°F (1205OC), 1 / 2  hour i n t e r -  
mediate annealing t rea tments ,  samples of 0.012 in .  (0.30 mm) t h i c k  f o i l  
were produced from a l l  ESR and VAR shee t  wi th  a s t a r t i n g  th ickness  of 
.01 in .  (2.5 m) with l i t t l e  o r  no d i f f i c u l t y .  Again, ESR h e a t  PF-11 
appeared t o  be the most workable. The 0.012 in .  (0.30 mm) th ickness  w a s  
s e l e c t e d  as a severe t es t  of co ld  workabi l i ty  and as a usable  s i z e  s i n c e  
many mis s i l e  ho t  gas va lve  components u t i l i z e  supera l loy  f o i l s  i n  t h i s  
th ickness  range, 

Based on the above da ta  and the anneal ing s t u d i e s  discussed below, a t y p i c a l  
co ld  r o l l i n g  schedule f o r  VM-103 was e s t a b l i s h e d ,  i . e . , :  

Nominal maximum reduct ions  p e r  pass: 25% 

Intermediate  anneal  ing parame te  rs : 2200 OF ( 120 5 "C) 
112 hour ,  water quench 

Annealinq 

Se lec t ion  of optimum anneal ing parameters f o r  VM-103 was considered t o  be 
an important p a r t  of the development of t he  a l l o y ,  p a r t i c u l a r l y  i n  view of 
publ ished data  on L-605 (Co-15W-lONi-20Cr supera l loy) .  Data generated by 
Schulz on L-605 showed t h a t  2150°F (1175OC) w a s  supe r io r  t o  the convent ional  
2250'F (123OOC) wi th  r e spec t  t o  g r a i n  s i z e  c o n t r o l  and pos t  aging d u c t i l i t y .  
Harlow l a t e r  confirmed the n e c e s s i t y  of c o n t r o l l i n g  g r a i n  s i z e  and g r a i n  
boundary p r e c i p i t a t e s  by a d j u s t i n g  annea l in  temperatures ,  t i m e s ,  and 

8 

cool ing  r a t e s  f o r  maximum co ld  workabi l i ty .  8 
The c r i t e r i a  f o r  s e l e c t i o n  of anneal ing parameters  ( temperature  and cool ing  
r a t e )  f o r  VM-103 were (1) minimum g r a i n  growth, (2) minimum amount of g ra in  
boundary and mat r ix  p r e c i p i t a t i o n ,  and (3 )  minimum hardness.  The same 
c r i t e r i a  were u t i l i z e d  f o r  both h o t  worked and c o l d  worked ma te r i a l .  

24 



Because the e f f e c t s  of p r i o r  condi t ion  on g r a i n  growth, carb ide  p r e c i p i t a t i o n ,  
e t c .  were unknown, da t a  were necessary t o  determine i f  d i f f e r e n t  annea l ing  
parameters f o r  each cond i t ion  would be des i r ab le .  

A s  d i scussed  i n  Sec t ion  3 ,  ho t - ro l l ed  and 25% c o l d - r o l l e d  s a m p l e s  of the  
VAR and ESR shee t  material were subjected t o  annea l ing  t rea tments  of 1 / 2  
hour a t  2100°F, 2200°F, and 2300OF (115OoC, 1205'C, and 126OOC) and water  
quenched. Se lec ted  samples were heated s i m i l a r l y  and a i r - coo led ,  o r  
furnace-cooled t o  e s t a b l i s h  e f f e c t s  of cool ing  r a t e .  

The g r a i n  s i z e  and hardness da t a  r e s u l t i n g  from these  samples a r e  presented 
i n  Table I V .  The da ta  i n d i c a t e  a very s l i g h t  average decrease i n  hard- 
nes s  of 2-3 Rockwell C hardness numbers when the  annea l ing  temperature was 
r a i s e d  from 2100'F (115OOC) t o  2300OF (126OOC). This  was t r u e  f o r  both 
the  h o t  and co ld  r o l l e d  E S R  m a t e r i a l ,  while the VAR ma te r i a l  appeared t o  
be l e s s  s e n s i t i v e  t o  annea l ing  temperature. The annealed VAR ma te r i a l  was 
seve ra l  po in t s  harder  i n  every case than the ESR.  

A i r  cool ing  vs. water quenching r e su l t ed  i n  v i r t u a l l y  no e f f e c t  on hardness ,  
probably r e s u l t i n g  from the  r e l a t i v e  rapid cool ing  r a t e  achieved upon a i r  
cool ing  the  t h i n  shee t  specimens. However, furnace cool ing  produced s i g -  
n i f i c a n t l y  h igher  hardnesses  f o r  p r i o r  hot-worked and p r i o r  cold-worked 
material as shown i n  Table I V .  Opt ical  microscopy showed no apparent  
explana t ion  f o r  t h i s ,  s ince  no d i f f e rences  were observed as shown i n  
F igure  9. Fur ther  e f f o r t  involving e l ec t ron  microscopy would be requi red  
t o  analyze t h i s  e f f e c t  i n  g r e a t e r  d e t a i l .  

The e f f e c t  of anneal ing temperature on g ra in  s i z e  showed a s l i g h t  g ra in  
growth wi th  increas ing  temperature. This increase  w a s  approximately of 
the same magnitude f o r  both the  p r i o r  cold-worked and hot-worked s h e e t ,  
which ind ica t ed  t h a t  the same anneal ing parameters could be s e l e c t e d  f o r  
each. 

The mic ros t ruc tu res  of ho t  r o l l e d  and cold r o l l e d  s h e e t  a f t e r  anneal ing a t  
2100, 2200, and 2300°F (1150, 1205, and 126OOC) f o r  1 / 2  hour and water  
quenched a r e  shown i n  Figures  10 and 11. 
i n s e n s i t i v e  t o  anneal ing temperature ,  with no evidence of undes i rab le  pre-  
c i p i t a t i o n  i n  the  g r a i n  boundaries. In  gene ra l ,  t h e  p r e c i p i t a t e s  appeared 
somewhat smal le r  i n  p r i o r  cold-worked and annealed material than i n  the 
p r i o r  hot-worked and annealed mater ia l .  
E S R  and VAR material, i n d i c a t i n g  a possible  f i n e r  d i spe r s ion  and s t rengthen-  
ing  e f f e c t  from in te rmedia te  co ld  o r  warm working. 
of t h i s  phenomenon i s  recommended. 

The ca rb ide  d i s t r i b u t i o n  appeared 

This  observa t ion  was made f o r  both 

Fur ther  i nves t iga t ion  

Based on the above hardness ,  g r a i n  s i z e ,  and micros t ruc ture  da t a  and the 
f a c t  t h a t  s l i g h t l y  more sur face  oxida t ion  occurs  a t  2300OF (126OOC) than 
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a t  the  lower temperatures ,  an  anneal ing temperature of 2200'F (1205OC) 
followed by a water  quench w a s  se lec ted .  Time a t  temperature was no t  i n -  
v e s t i g a t e d  as a v a r i a b l e  but  would be expected t o  show l i t t l e  e f f e c t  com- 
pared t o  d i f f e r e n c e s  i n  temperature. For shee t  material, the 1 / 2  hour 
t reatment  u t i l i z e d  i s  probably more than adequate.  
time as a v a r i a b l e  anneal ing parameter may be d e s i r a b l e  

Fur ther  work t o  opt imize 

Aainq 

A s  i nd ica t ed  previous ly ,  NASA had indica ted  an aging phenomenon i n  VM-103, 
p a r t i c u l a r l y  i n  the 1600'F (870OC) range, r e s u l t i n g  from p r e c i p i t a t i o n  of a 
C03w phase a s soc ia t ed  wi th  s tacking  f a u l t s  i n  the  hcp form of coba l t .  The 
goal  of  the r e l a t e d  e f f o r t  on t h i s  program w a s  t o  achieve a b e t t e r  under- 
s tanding  of t h i s  e f f e c t  and t o  determine i f  aging would be use fu l  as a 
s t rengthening  mechanism. 

Based on ho t  and co ld  workab i l i t y ,  composition, and mechanical p r o p e r t i e s  
( r epor t ed  below), ESR hea t  PF-11 was s e l e c t e d  f o r  t he  aging study. 
0.100 in. (2.5 mm) t h i c k  shee t  samples represent ing  annealed and 25% cold-  
worked shee t  were encapsulated i n  quartz  tubes and aged f o r  1, 10, and 100 
hours a t  temperatures of 700, 1000, 1300, and 1600OF (370, 540, 705, and 
87OOC). Averaged hardness measurements a f t e r  these var ious  t reatments  a r e  
shown i n  Figure 12. Only one aging temperature,  1300'F (705'C), caused a 
response i n  the  annealed s h e e t ,  causing an increase  from Rockwell C-35 t o  
(3-43. A very small amount of p r e c i p i t a t i o n  could be seen a t  l O O O X  magnifi-  
c a t i o n  on the pr ior-annealed sample aged a t  1600OF (870OC) as shown i n  
Figure 13. but  no t  on those prior-annealed samples a g e d . a t  the  lower 
temperatures.  I n  c o n t r a s t ,  a l l  the  p r i o r  cold-worked samples responded t o  
a l l  t h e  aging t rea tments  i n  varying degrees ,  Figure 14. A s  can be seen,  
t he  s lopes  of the  700'F and lOOO'F (370'C and 54OoC) aging curves were 
s t i l l  i nc reas ing  a f t e r  100 hours ,  while overaging apparent ly  occurred 
a f t e r  about 10 hours  a t  1300 and 1600OF (705OC and 87OOC). A s  shown i n  
F igure  14, varying degrees  of p r e c i p i t a t i o n  on the s l i p  l i n e s  can be 
q u a l i t a t i v e l y  c o r r e l a t e d  wi th  hardness. These aging phenomena poin t  t o  
poss ib l e  b e n e f i c i a l  s t rengthening  e f f e c t s  of thermomechanical processing,  

The 

Transmission e l e c t r o n  microscopy was u t i l i z e d  on a very  l imi t ed  b a s i s  t o  
examine these  aging phenomena. A s  in o p t i c a l  metallography, f i n e  pre- 
c i p i t a t e s  were observed on s l i p  l i n e s  i n  cold-worked and aged samples. 
Recovery of the  25% cold-worked mater ia l  w a s  incomplete a f t e r  100 hours a t  
1300OF (705OC) as ind ica t ed  by t ransmission observa t ions  and d i f f u s e  
broadened e l e c t r o n  d i f f r a c t i o n  r ings.  
wi th  e l e c t r o n  d i f f r a c t i o n  a n a l y s i s  f o r  phase i d e n t i f i c a t i o n  would be very  
worthwhile. 

Addi t iona l  work i n  t h i s  a r ea  coupled 

Ex t rac t ion  X-ray d i f f r a c t i o n  ana lys i s  t o  i d e n t i f y  c o n s t i t u e n t  phases of 
annea led ,  annealed and aged, and cold-worked and aged s a m p l e s  w a s  a l s o  
performed. The semiquant i ta t ive  r e s u l t s  a r e  given i n  Table V I .  Based on 
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a c o r r e l a t i o n  of these  r e s u l t s  w i th  the hardness and t e n s i l e  proper ty  re- 
s u l t s  (presented below), i t  w a s  concluded t h a t  t he  major ag ing  s t rengthen-  
ing mechanism is  due t o  p r e c i p i t a t i o n  of the  C03W phase which confirms 
NASA data .  I t  i s  a l s o  poss ib l e  t h a t  the  overaging phenomenon inc ludes  a 
t ransformation from face  centered  cubic  C03W t o  hexagonal C O ~ W  which has  
no t  been observed previously.  A f u r t h e r  i n v e s t i g a t i o n  of t h i s  phenomenon 
i s  recommended. 

Tens i l e  Tes ts  

Conventional t e n s i l e  tes ts  were conducted according t o  the procedure i n  
Sec t ion  3 a t  75, 1600, 1800, 2000, and 2200'F (24, 870, 980, 1095, and 
1205OC) on hot r o l l e d  and annealed shee t  from a l l  f i v e  hea ts .  
room temperature t e s t s  were performed on 15 and 25% cold-worked shee t  from 
VAR h e a t s  20-1 and 20-5 and ESR h e a t s  PF-11 and PF-13. The goa l s  were t o  
e s t a b l i s h  room and e leva ted  temperature p r o p e r t i e s  of material produced 
by each melting process  and t o  determine co ld  working e f f e c t s  on s t r eng th .  
I n  a d d i t i o n ,  as an explora tory  e f f o r t  t o  determine e f f e c t s  of ag ing  on 
e l eva ted  temperature p r o p e r t i e s ,  2200°F (1205'C) tes ts  were performed on 
hot  r o l l e d  sheet  samples of  E S R  PF-11 a f t e r  annea l ing  a t  1300OF (705OC) f o r  
100 hours ,  

I n  a d d i t i o n ,  

The da ta  on annealed material are presented i n  Table V I 1  and a r e  p l o t t e d  
as the  average of two samples i n  Figure 15. A s  can be seen ,  the  annealed 
E S R  mate r i a l  showed s l i g h t l y  h igher  y i e l d  and u l t ima te  t e n s i l e  s t r e n g t h s  
and gene ra l ly  higher  e longat ions  than the VAR material. The da ta  genera l ly  
confirm o r  a re  s l i g h t l y  b e t t e r  than  pre l iminary  NASA da ta  on small induc- 
t i o n  melted labora tory  hea ts .  

The da ta  i n  Table V I 1  show t h a t  the room temperature y i e l d  s t r e n g t h  w a s  
s i g n i f i c a n t l y  increased by 15% co ld  work and nominally doubled by 25% co ld  
work. The u l t imate  s t r e n g t h s  showed a smaller percentage i n c r e a s e ,  and 
the e longat ions  were s i g n i f i c a n t l y  reduced. The E S R  h e a t ,  PF-11, showed 
the h ighes t  d u c t i l i t y  of a l l  h e a t s  both i n  the  annealed and cold-worked 
condi t ions .  The r e s u l t s  i n d i c a t e  t h e  d e s i r a b i l i t y  of cons ider ing  co ld-  
worked VM-103 f o r  use i n  a p p l i c a t i o n s  r equ i r ing  high s t r e n g t h s  a t  low o r  
in te rmedia te  temperatures ,  o r  even a t  high temperatures  f o r  s h o r t  per iods  
of time. 

A s  shown i n  Table V I I ,  the 1300'F (705OC) 100 hour aging t rea tment  w a s  
e f f e c t i v e  i n  r a i s i n g  the 2200°F (1205OC) y i e l d  s t r e n g t h  from 4.2 t o  10.1 
k s i  (29 t o  70 N/mm2) and i n  r a i s i n g  the  u l t ima te  s t r e n g t h  from 7.6 t o  10.4 
k s i  (52 t o  72 N/mm2) whi le  lowering the  d u c t i l i t y  from 97 t o  68%. 
140% increase  i n  y i e l d  s t r e n g t h  i n d i c a t e s  t h a t  a d d i t i o n a l  work should be 
performed i n  e f f o r t s  t o  f u r t h e r  improve e l eva ted  temperature s t r e n g t h  f o r  
r e l a t i v e l y  s h o r t  time a p p l i c a t i o n s ,  perhaps by thermomechanical processing.  

This  

34 



m m a m  

0 0 0 0  h l m o r l  
h h h h  

0 0 0 0 0  0 0 0 0 0  m o m m m  hlo*o('. m m m m m  m m h l m N  

n 
aJ 
M 
(d a 
U 
x 
aJ 
C 
C 
0 

-a 
aJ 
3 
C 
.d 
U 
C 
0 u 

W 

o m 0 0  o a m d  
o m o e  

H 
W 
3 

3 
?i 

m m m n  
h h h b  

m m m m  
h h h h  

0 0 0 0 0  
0 0 0 0 0  
\ D a \ D \ D \ D  

a a a a a  
aJaJaaJal  3.3'5'3' . . . .  

A n 

35 



d I 

n a 
e, 
3 c 
.4 
u 
t- 

I d -4 w 
W 

m a 0  
N N b  

s 

0 0 0 0 0  
0 0 0 0 0  
0 0 0 0 0  
NNcvrJN 

0 0 0  
0 0 0  
N N N  
N N N  

k + 0 

.4 
4-l 
.d a c 
0 u 

u 

X 4 

a a a  
a l a r a l  

36 



I I 
I i 
I 

I I I I I I I 

2 rl 4 

0 0 0 0 0 
c\1 0 co a .3 c\I rl rl 

I I I I I I I 
0 0 0 0 0 0 0 
0 0 0 0 0 0 
N 0 co a .j c\1 

" 

C 
C 
c 
c 

C 
C 
C 
0 

C 
C 
a 
7 

C 
C 
U 
7 

C 
C 
4 
F 

- - - Y 

N 
7 

3 
3 
3 
i 

3 
3 
D 

3 
3 
0 

3 
3 * 
3 
3 
U 

3 

0 
0 
N 
rl 

0 
0 
rl 
4 

0 
0 
0 
rl 

0 
0 
cn 

0 
0 
a3 

Q -z 
o s  

a!2 
o w  

w 
0 -  
3 
v) 

3 
3 
=f 

3 
3 
9 

3 
3 u 

3 
3 
-I 

3 

37 



High S t r a i n  Rate Tens i le  Tes t s  

To inves t iga t e  the  e f f e c t  of s t r a i n  r a t e  and t o  determine very s h o r t  time 
e l eva ted  temperature t e n s i l e  p r o p e r t i e s ,  high s t r a i n  r a t e  tes ts  were con- 
ducted according t o  the procedure noted i n  Sec t ion  3. Samples of annea led ,  
15% cold-worked and 25% cold-worked shee t  from ESR hea t  PF-11 were t e s t e d  
a t  7 5 ,  1800, 2000, and 2200'F (24,  980, 1095, and 1200'C) a t  a s t r a i n  r a t e  
of 5/minute. 

The d a t a ,  presented i n  Table V I I I ,  show t h a t  VM-103 i s  very  s t r a i n  r a t e  s e n s i -  
t i v e .  The y i e ld  s t r e n g t h  d a t a  f o r  a l l  temperatures  were a t  l eas t  two t i m e s  
h igher  than the convent ional  s t r a i n  r a t e  r e s u l t s  (Table V I I ) .  

The e l eva ted  temperature da t a  show t h a t  a t  1800'F (980OC) the recovery 
process  w a s  more s lugg i sh  f o r  15% than f o r  25% cold-worked ma te r i a l .  This 
d i f f e rence  in  k i n e t i c s  as a func t ion  of percent  p r i o r  co ld  deformation 
became i n s i g n i f i c a n t  a t  2200'F (1205'C). However, a t  2000'F (1095OC) the 
annealed mater ia l  s t i l l  showed h igher  s t r e n g t h s  than the  cold-worked 
ma te r i a l .  With the  except ion of the  15% cold-worked specimen t e s t e d  a t  
2200°F (1205OC), t he  da t a  ind ica t ed  an  inc rease  i n  s t r e n g t h  wi th  soaking 
time a t  temperature,  i n d i c a t i n g  a poss ib le  r a p i d  aging process.  

Se lec ted  samples were examined by o p t i c a l  metallography a f t e r  t e s t i n g .  
These ind ica t ed ,  as expected,  more complete r e c r y s t a l l i z a t i o n  wi th  inc reas ing  
t e s t i n g  temperature and soaking time as  shown i n  Figure 16. 

Bend Tests 

I n  o rde r  t o  assess  the  co ld  forming c h a r a c t e r i s t i c s  of ESR vs. VAR m a t e r i a l ,  
bend t e s t s  were conducted on 0.030 i n ,  (0.76 mm) shee t  from ESR h e a t s  
PF-11 and PF-13 and VAR h e a t s  20-1 and 20-5 according t o  the procedure i n  
Sect ion 3. The r e s u l t s  i n  Table I X  i nd ica t ed  t h a t  VAR hea t  20-1 exh ib i t ed  
the  poores t  bend d u c t i l i t y ;  VAR 20-5 and ESR PF-13 were comparable, and 
ESR PF-11 was f a r  super ior .  These da t a  supported the  prev ious ly  observed 
supe r io r  ho t  and co ld  workabi l i ty  and d u c t i l i t y  of ESR PF-11. 

F a t i m e  Test inq 

Tension-tension f a t i g u e  specimens were t e s t e d  as d iscussed  i n  Sec t ion  3 
pr imar i ly  f o r  purposes of determining d i f f e r e n c e s  i n  f a t i g u e  behavior of 
ESR vs.  VAR mater ia l .  No at tempt  w a s  made t o  genera te  an S/N curve.  The 
da ta  shown i n  Table X were very s c a t t e r e d  but  when averaged ind ica t ed  a 
s l i g h t  supe r io r i ty  of the  ESR hea t .  More work would be requi red  using 
s tandard F and t s t a t i s t i c a l  t e s t s  i n  o rde r  t o  gene ra t e  more r e l i a b l e  
conclusions.  
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TABLE I X  

MINIMUM BEND R A D I I  OF VM-103 HEATS 

Minimum 90° Bend Tes t  Radius - Heat Without Crackinn 

VAR 20-1 

VAR 20-5 

ESR PF-11 

ESR PF-13 

*T 

4T 

1 T  

4T 

Note: T r e f e r s  t o  thickness  of the specimen 
which w a s  0.030 in .  (0.76 mm). 

TABLE X 

TENSION-TENSION FATIGUE TEST RESULTS 

Tota l  Cycles t o  F a i l u r e  

VAR 20-1 ESK PF-11 

37,000 212,400 

576,000 18,600 

82,100 15,100 

130,900 138,000 

100,100 676,800 
--- 25,300 

Average s : 158,600 212,200 

Note: Samples were s t r e s s e d  0 t o  75 
k s i  (0 t o  520 N/mm2) 

5. SUMMARY OF RESULTS AND RECOMMENDATIONS 

Based on the r e s u l t s  of t h i s  VM-103 supera l loy  development and metallurgy 
s t u d y ,  the  fol lowing conclusions and recommendations were made: 
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(1) VM-103 can be melted and f a b r i c a t e d  by product ion 
o r i en ted  processes  inc luding  vacuum arc o r  
e l e c t r o s l a g  remel t ing ,  hammer fo rg ing ,  h o t - r o l l i n g  
and c o l d - r o l l i n g ,  and co ld  forming. The p r o p e r t i e s  
of material produced from 25-50 lb .  (11-23 kg) h e a t s  
using these  processes  wi th  optimum parameters 
developed on t h i s  program are comparable o r  somewhat 
b e t t e r  than achieved on 3-4 lb .  (<2 kg) l abora to ry  
hea t s .  

(2) VM-103 a p p e a r s  t o  be competi t ive with convent ional  
n i c k e l  and c o b a l t  base supera l loys  i n  f a b r i c a b i l i t y  
and i n  e l eva ted  temperature p r o p e r t i e s  a t  o r  above 
1800'F (98OOC). It i s  p a r t i c u l a r l y  a t t r a c t i v e  as a 
candidate  f o r  s h o r t  t i m e  h igh  temperature app l i ca t ions .  

(3 )  Elec t ros l ag  remelted VM-103 r evea l s  b e t t e r  hot  and 
co ld  workab i l i t y ,  h igher  t e n s i l e  p r o p e r t i e s ,  and 
h igher  d u c t i l i t y  than vacuum a r c  remelted ma te r i a l .  

(4) VM-103 work hardens r ap id ly  wi th  a corresponding 
increase  i n  s t r e n g t h  and hardness.  The increase  i n  
s t r e n g t h  i s  r e t a ined  f o r  s h o r t  t imes a t  temperatures 
as high as 1800OF (980OC). 

(5) The a l l o y  i s  somewhat age hardenable due t o  p r e c i p i -  
t a t i o n  of a C03W phase i n  the  annealed cond i t ion  and 
t o  a g r e a t e r  degree a f t e r  co ld  working. Prel iminary 
d a t a  ind ica t ed  a 140% inc rease  i n  2200'F (1205OC) 
y i e l d  s t r e n g t h  as a r e s u l t  of aging p r i o r  annealed 
material. Thermomechanical processing i n v e s t i g a t i o n s  
a r e  recommended as a means f o r  enhancing a l l o y  
p rope r t i e s .  
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